ABSTRACT Raman spectroscopy has been used to identify bacterial strains, bacterial components, such as protein and DNA bases, and the ratio of live to dead bacteria before and after exposure to ultraviolet (UV) radiation. New vibrational bands and changes in their intensity as a function of UV irradiation time have been recorded by high resolution Raman spectroscopy which made it possible to determine the mechanism of the UV inactivation of Escherichia coli (E. coli), Serratia marcescens (S. marcescens), and Micrococcus luteus (M. luteus) bacteria in saline solutions. We have also employed a novel, new, handheld spectrometer capable of recording, in situ, within minutes, the absorption, fluorescence, synchronous fluorescence, and Raman spectra of bacteria and other biological species and large molecules.
I. INTRODUCTION
Raman spectroscopy is one of the most often used spectroscopic methods for the identification of large biological molecules and other species such as bacteria, owing to the large information that is provided by their vibrational and rotational spectra. The application of spectroscopy for the studies of biological molecules has been extensive [1] - [6] and many Raman studies have been employed for the identification of various bacterial components [7] - [11] . Specifically relevant to the studies presented in this report, are the Raman spectra of aromatic amino acids [12] , [13] and pyrimidine bases [14] , [15] . In addition, DNA and several other components of bacteria such as peptidoglycans [16] , [17] and isoprenoid quinines [18] , [19] , have been successfully identified even though the very large number of overlapping vibrational modes makes the identification of a specific vibration of a biomolecule rather difficult. However, owing to their active mode degeneracy, biopolymers display relatively simple vibrational spectra that can be accurately assigned. This suggests that Infrared (IR) and Raman spectroscopy
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can be considered as possible means for bacterial strain identification. In addition, the use of resonance Raman spectroscopy [20] - [25] provides an improved method for the analysis of complex spectra. It is possible to make accurate assignments using UV resonance Raman spectra of even a small concentration of active molecules, such as bacteria and viruses imbedded within a large number of spectroscopically similar species. This is aided by the fact that most of these molecules, dispersed in water, do not fluoresce in the UV region below 260 nm and allows for the use of UV excitation sources suitable for generating resonance Raman of several important bacterial components that absorb in the UV.
In this report we are also concerned with identifying the difference between the Raman spectra of live and dead bacteria and thus determine the ratio of live to dead bacteria before and after exposure to UV light. In previous studies we have utilized bacterial fluorescence combined with principal component analysis (PCA), and synchronous fluorescence to identify the bacteria strains and measure the ratio of live to dead bacteria as a function of UV irradiation dose and reaction time against antibiotics [26] .
The ability to differentiate between dead and live bacteria may be critical in saving lives, preventing spread of infection, and an important means for determining antibiotic efficacy. Traditional methods that measure antibiotic sensitivity rely on determining bacterial growth after reaction with an antibiotic [27] , [28] . These processes commonly require days for growth, identification and subculture of the bacteria in the presence of the antibiotic panel before a selection of the correct antibiotic can be made with some degree of certainty. These are time-consuming processes where time can be the difference between lives saved or lives lost. Newer methods to accelerate this process require costly equipment and special expertise [29] , [30] . Similarly, there is need to differentiate between dead and live bacteria after processes intended to sterilize lifesaving fluids or surgical equipment [31] including products intended for ingestion [32] , [33] . In addition, the same determination is critical in supplying certain blood components for intravenous use [34] , [35] and differentiate between live and dead bacteria in environmental samples as a means of tracking or even preventing the spread of an infectious agent [36] , [37] . These examples have been done by a variety of processes and techniques that are aimed, primarily, at detecting bacterial growth. To simplify, accelerate and quantify the presence and species of live bacteria and differentiate them from bacteria killed, we have employed a hand held spectrometer capable of recording absorption, fluorescence and Raman spectra, in situ, within minutes, thus providing practically instantaneous identification of the strain and the ratio of live to dead bacteria.
The ''golden'' means for the measurement of bacterial (live) concentration, in unit of cells/ml, involves the plating of the bacterial strain on tryptone soya Agar (TSA) culture plates, for ∼24 hours, at 37 o C, then counting the colony forming units. The number of dead bacteria, after irradiation or antibiotic treatment, is determined by subtracting the live bacteria, after treatment, from the original number of cells/ml. This widely used technique is very time-consuming and therefore may not be suitable for utilization in the field, operating rooms, or other time constrained situations. Considering that the bacterial replication occurs on the order of several minutes, the 'long time' required for incubation and culturing is obviously not acceptable for time sensitive situations. To eliminate those disadvantages and provide a method for recording spectra, in situ, at any remote place and practically instantaneous identification of the bacteria strain and ratio of live to dead bacteria, we have employed a newly designed and constructed handheld spectrometer capable of recording absorption, fluorescence and Raman spectra. Using this device, one may record in detail the fluorescence and Raman spectra of individual components such as DNA, amino acids and RNA bases, proteins and membrane components including tryptophan and tyrosine. These components provide a very powerful means for the identification of many bacteria strains and in addition record the response of bacteria to heat, antibiotics treatment or alterations in membrane integrity [38] - [41] .
There is a critical need therefore to use this handheld Raman spectrometer to detect and assign the bands of several critical bacteria components, such as DNA, which either do not fluoresce, or their fluorescence is weak and occurs at a wavelength region where other bacterial components emit intensely and mask their fluorescence. To that effect our handheld Raman spectrometer can record in situ, within minutes, detailed Raman spectra that make it possible to monitor the changes in intensity and structure of these individual components as a function of UV dose or antibiotics treatment.
As more disease causing bacteria are becoming resistant to antibiotics, it is very important to utilize alternative techniques to inactivate them in order to prevent large scale epidemics caused by multi-drug resistant bacteria. An alternative, most effective inactivating method, is UV radiation. It has been shown that most antibiotic resistant bacteria and their wild type counterparts are equally sensitive to UV light [42] , [43] . In many situations, such as operating rooms, it is important to differentiate between live and dead bacteria before and after inactivation with UV radiation or antibiotics treatment. The Raman spectroscopy utilized in this study may also achieve this goal: determining the ratio of live to dead bacteria, in situ, within a short period of time before and after each UV dose induced inactivation.
UV light penetrates through the membrane and mainly inactivates or kills, bacterial cells by damaging their DNA. This is affected by the UV light initiating a reaction between two thymine molecules to form a thymine dimer which results in cell inactivation by inhibiting bacterial DNA replication [44] , [45] . In addition to these changes, proteins are also expected to undergo denaturation which is depicted by their absorption and fluorescence spectra changes as a function of UV light (∼280 nm) absorption by the bacteria cells [46] , [47] .
UV Damage to proteins is well known and we have verified it by irradiating pure protein (ovalbumin) with the same UV light dose as bacteria. The damage caused to pure proteins was compared with that of bacteria, under identical conditions, by comparing the Raman spectra of irradiated bacteria and pure proteins. The data presented in the results and discussion section show that the effect is practically identical. Damage to bacterial DNA was also verified by forming Thymine dimers from pure Thymine in solution [48] and recording the Raman spectra band maxima of irradiated and non-irradiated thymine and comparing it with the Raman spectra of Escherichia coli (E. coli) and Micrococcus luteus (M. luteus) bacteria. These data are used in this report as a means for determining the strain and the ratio of live and dead bacteria before and after irradiation with UV light. Moreover, changes in methylation due to UV damage of DNA were also observed previously [49] .
II. MATERIAL AND METHODS

A. BACTERIAL CULTURE PREPARATION
E. coli bacteria (strain K-12, GM1655) were obtained from the Bacteriological Epidemiology and Antimicrobial Resistance unit, USDA-ARS. The bacteria were cultured on tryptone soya agar (TSA) plate, sub-cultured in 10 ml of Luria Bertani (LB) growth medium and incubated overnight at 37 • C. The bacteria were harvested in their stationary phase of growth by centrifugation at 3300 rpm for 5 minutes. Subsequently, the bacterial pellets were washed three times with 0.9%, w/v, saline solution to remove growth media. The pellets were diluted in saline to a concentration of ∼10 8 cells/ml. The number of bacteria was determined by two methods: 1) counting CFU (Colony Forming Units) after culturing and 2) by their OD at 600 nm, recorded by a Shimadzu UV160 spectrophotometer.
The same procedure as the E. Coli bacteria was followed for the culturing of M. luteus, Serratia marcescens (S. marcescens), and Bacillus thuringiensis (B. thuringiensis) bacteria. The incubation temperature for S. marcescens was varied from room temperature, for prodigiosin rich growth, to 37 • C for prodigiosin lower growth, in order to fit the experimental requirements.
B. UV IRRADIATION OF BACTERIA
A mercury lamp (Oriel model no. 66002) was used for UV irradiation. Its output passed through a 250 nm to 280 nm bandpass filter and impinged onto the sample. A Molectron detector (PM3Q with EPM1000) recorded the UV irradiation intensity, which was adjusted to 2 mW/cm 2 . 9 ml of the bacteria solution were irradiated for various periods of time, ranging from 0 minutes to 20 minutes. After irradiation, the bacterial culture was concentrated, by centrifugation at 3300 rpm (Fisher Scientific Model 228) for 5 minutes. The supernatant was discarded and the bacterial pellets were resuspended in 1000 ml of saline solution. A 2.5 ml aliquot portion, of this bacterial solution, was placed on an aluminum mirror, or a cuvette for Raman studies.
UV light emitting diodes (LEDs) are replacing mercury lamps, because the mercury lamps require a larger power supply and are environmentally hazardous and expensive. UV LEDs are very compact, energy efficient and may be used for many applications including bacterial inactivation, in situ, in the field, in conjunction with our novel handheld Raman spectrometer. The UV LEDs (Vishay Semiconductor VLMU60CL00-280-125) used for our bacteria inactivation experiments have an output wavelength of 280 nmand Full Width at Half Maximum intensity, FWHM, bandwidth of 10 nm.
C. RAMAN SPECTRA
A Horiba Xplora plus Raman microscope and the handheld spectrometer were used to record the Raman spectra of the bacterial and other samples. The bacteria Raman spectra measured by Horiba Xplora were, firstly, recorded immediately after the bacteria were placed on the aluminum mirror, or single crystal silicon cuvette, using the 10X microscope objective and 25 mW, 638 nm illumination laser. The acquisition time is 100 seconds per spectrum and usually 9 spectra were averaged for each measurement. At initial bacteria concentrations of 10 8 -10 9 cells/ml, an intense water band appeared at 1650 cm −1 , corresponding to the OH bending vibration, while other recorded bacteria Raman bands were much weaker in comparison.
At 10 10 -10 11 cells/ml concentrations, the 100X microscope objective was used to increase the bacteria Raman spectra band intensity and the signal to noise ratio.
The bacterial cells were examined under the microscope for visual signs of damage due to the Raman laser intensity, however no damage was observed. The temperature at the laser focal point was also measured, by focusing the Raman excitation beam directly onto a temperature sensor. Using two, different, thermocouples, the maximum temperature increase observed was 12 • C, from 23 • C (ambient room temperature) to 35 • C. These temperatures do not induce bacterial inactivation, or other deleterious effects. Moreover, Raman spectra observed in E. coli samples with different temperature were found to be different from those due to UV irradiation, which confirmed that the photo-thermal effects [50] - [52] were insignificant in our UV experiments.
D. BACTERIA COUNTING AND SEPARATION
Bacteria colony forming units (CFU) counting was performed using a 100 ml aliquot portion of the bacteria solution which was serially diluted to 1/10 concentrations and then plating it on tryptone soya agar (TSA) plates. Thereafter, these TSA plates were kept in an incubator for 24 hours for bacteria growth and then the colonies formed were counted. The Raman spectra of E. coli bacteria before and after UV irradiation with various doses were subjected to Principal Component Analysis (PCA). The spectra of a number of experiments, usually nine, irradiated with the same UV dose were normalized with respect to the 1450 cm −1 lipid band and subsequently subjected to PCA. Frozen Thymine solution was irradiated with UV LED and the Thymine dimers formation [48] was monitored during the irradiation period by observing the disappearance of the 260 nm absorption band of Thymine, while the Raman spectra of the formation of Thymine and Thymine dimers were recorded using the same Raman spectrometer. Similarly the effect of UV irradiation dose on bacterial proteins, was ascertained by preparing ovalbumin protein at a concentration of 0.4 mg/ml in distilled water and irradiating it with the same UV dose as the bacteria and comparing the changes recorded in the Raman spectra of each, pure protein and bacterial protein.
The Raman spectra of E.coli with assignments is shown in Figure 1 , while the Raman spectra of thymine and thymine dimers formed after UV irradiation of thymine are shown in Figure 2 . It is clearly that the Raman spectrum of Thymine has intense maxima near 1360 cm −1 and 1670 cm −1 whereas the Thymine dimer's intense band is located near 1700 cm −1 .
III. RESULTS AND DISSCUSSION
A. EFFECTS OF UV RADIATION ON PROTEINS
Two bacterial components that strongly absorb UV light are proteins and Nucleic acids (DNA & RNA). Proteins account for ∼55% of the bacteria dry weight and are located, majorly in the cytosol, and some in bacterial membrane. Proteins present in bacterial cell membrane are exposed directly to UV radiation and in some respects provide a protective shield for the inner located DNA. In order to be confident of our bacterial protein assignments we studied the changes in the Raman spectra of pure proteins as a function of UV radiation. To that effect, egg ovalbumin (pure protein) solution was irradiated with the same UV radiation dose as bacteria and the recorded Raman spectra are displayed in Figure 3 .
B. EFFECTS OF ULTRAVIOLET RADIATION ON BACTERIA
The Raman spectra, of freshly prepared (10 8 -10 9 cells/ml) E. coli bacteria in Saline solution, were recorded before and after UV radiation using the 10X microscope objective. As shown in Figure 4 , the strong water band in the 1650 cm −1 region and the comparatively weak bacteria bands are observable; a new bacteria band near 1400 cm −1 is observed after 60 minutes UV irradiation. The Raman spectra of the E. coli bacteria, at a concentration of 10 10 -10 11 cells/ml were also recorded using the 100X microscope objective. These spectra were normalized with respect to the lipid band at 1450 cm −1 , and after the removal of the water base, a new band at 1410 cm −1 was formed after UV irradiation.
The vibrational Raman spectra of E.coli bacteria after UV radiation from 0 minute to 20 minutes is depicted in Figure 5 . The intensity of this band, 1410 cm −1 ,as a function of UV irradiation time is depicted in Figure 6 , which show that the band intensity (I 1410 vs UV dose) increases linearly as a function of UV dose. Figure 7 shows a plot of the corresponding CFU of live bacteria versus UV irradiation time. The Raman spectral features such as increase in the intensity of the 1410 cm −1 band was used, in PCA, to estimate the ratio of live to dead bacteria after UV irradiation. PCA was also performed on the E.coli Raman spectra in order to determine the separation of the live bacteria from the dead as a function of UV irradiation dose. PCA score plots and principle components are shown in Figures 8 and 9 , respectively. These figures provide additional information concerning the changes that bacterial components encounter as a result of UV radiation. The PCA plot in Figure 8 shows that UV irradiation causes the bacterial Raman spectra to be shifted 8. PCA plot of E.coli Raman spectra before and after UV irradiation. Each point corresponds to an average of three Raman spectra. Raman spectra were taken at different points of the corresponding samples and the data from two different experiments was combined for the analysis.
to the right along the principal component 1 axis. Further examination of the principal component 1, Figure 9 , reveals a sharp decrease in the 1350 cm −1 band intensity and an increase in the intensity of the 1700 cm −1 band. These spectral changes are commensurate with the degradation, decrease in thymine and formation, increase, in thymine dimers, (see Figure 2 ). In addition, changes in the Raman bands corresponding to DNA and tryptophan can be, clearly, seen in Figure 9 where the decrease in the DNA (Adenine and Guanine) 1571 cm −1 band and the ∼1100 cm −1 DNA phosphate backbone intensity are displayed. In addition, decreases in the Raman intensity band(s) of Tryptophan, 1615 cm −1 and protein amide, 1650 cm −1 are depicted, also, in Figure 9 . The expected formation of UV photoproduct(s) is evidenced by the vibrational band at 1410 cm −1 . This assignment is verified by a shoulder at 1410 cm −1 that was also recorded in the Raman spectra of UV radiated pure proteins (Figure 3) . Figure 10 shows the separation of B. thuringiensis, E. coli bacteria and their mixture before UV irradiation (together) and after UV irradiation (separated).
C. HANDHELD SPECTROMETER
We performed similar Raman experiments on bacteria and other molecules using the handheld Raman spectrometer. We illuminated the bacteria and the other species with the same 280 nm LED for periods of time varying from 0 minute to 150 minute. The spectra were processed in a similar manner to the ones recorded by the Horiba Raman microscope. The Raman spectra recorded by the handheld Raman spectrometer and Horiba spectrometer were identical, even though the handheld spectra were recorded remotely. Also the intensity changes as a function of UV irradiation time were practically identical. Therefore we are certain that the remotely recorded spectra are as suitable for the identification of bacterial strains and ratio of live to dead bacteria as the spectra recorded by normal bench-top spectrometers.
The data obtained from using LED irradiation is shown in Figure 11 which depicts the new Raman bands formed as a function of irradiation dose and changes in the intensity of E.coli bacteria Raman spectra after irradiation with the 280 nm LED for periods of 0 minutes to 150 minutes. Figure 12 depicts the 1410 cm −1 Raman band intensity vs UV FIGURE 11. Changes in Raman spectra of E.coli bacteria as a function of irradiation time with a 280 nm LED. The spectra fluorescence baseline was removed and the spectra was normalized to the lipid band at 1450 cm −1 . The band at 1410 cm −1 is marked with a star. LED radiation time of E.coli bacteria and Figure 13 shows the corresponding change in the colony forming units (CFU) versus irradiation time. In addition to E.coli (Gram negative bacteria strain), several other bacteria including M. luteus (Gram positive bacteria) and S. marcescens (Gram negative bacteria) were studied and found to behave similarly under UV radiation. Namely, they experienced similar inactivation and spectroscopic changes as E.coli, including increase in the 1410 cm −1 Raman band intensity. Raman spectra and the changes in the intensity of the protein Raman bands, as a function of UV irradiation dose are depicted in the recorded Raman spectra of M. luteus and S. marcescens in Figures 14 and 15 , respectively. FIGURE 14. Raman spectra of M. luteus bacteria before and after UV irradiation. The spectra were normalized with respect to the lipid 1450 cm −1 band. A star is designated to the 1410 cm −1 band whose intensity increases after UV irradiation. 
IV. DISCUSSION
The Raman spectra recorded, after UV irradiation of the bacteria, show changes in both, the DNA bases and proteins. However, protein changes are much more pronounced than the changes observed for DNA bases, which are found to vary linearly with UV dose. The data suggest that proteins play a very important role in the radiation induced inactivation and death of bacterial cells. Interestingly, it has been shown that the extreme radiation resistance of bacteria such as Deinococcus radiodurans, depend on efficient proteome protection (but not DNA protection) against UV radiation induced protein carbonylation [59] . We have also shown previously that the bacterial fluorescence intensity of the protein amino acids, Tryptophan and Tyrosine, components can be used to determine the ratio of live and dead bacteria after UV irradiation or antibiotic treatment [5] . To that effect we have determined that when bacteria are exposed to UV light, Tryptophan and Tyrosine undergo a denaturation process which results in the decrease in the bacterial fluorescence intensity [60] .
UV light inactivates and kills bacteria/cells by damaging their DNA. Recently, oxidative protein damage induced by UV radiation has been used as a means to assess the bacteria and other prokaryotic cells death [61] , [62] . It was shown in those studies that protein damage causes the loss of necessary maintenance functions of bacterial cells, including DNA repair and that protein damage, not genomic (DNA) damage, correlates with eukaryotic and prokaryotic cell death after irradiation with UV. Data presented in this paper also point in a similar direction, namely that protein damage correlates with cell death and may be used as a means for determining live and dead bacteria.
V. HANDHELD INSTRUMENT
A novel handheld Raman instrument has been designed and constructed. This spectrometer is capable of VOLUME 7, 2019 recording absorption, fluorescence and Raman spectra, in situ, which makes possible the fast and remote identification of bacteria strains in addition to providing information regarding the ratio of live and dead bacteria before and after UV irradiation. This system consists of two monochromaters, one provides the excitation wavelength while the other disperses the fluorescence or Raman spectra which is imaged onto the CCD detector. A schematic diagram of the Raman modules of this system is shown in Figure 16 , while the components are shown in Figure 17 . This novel handheld, fluorescence and Raman spectra recording system employs a 473 nm Diode Pumped Solid State (DPSS) excitation laser (variable output power: 3 mW to 30 mW) which is suitable for generating Raman spectra of species that absorb in the blue-green region of the spectrum. The output of this 473 nm excitation laser is attached to one end of an optical fiber, while the other end, of the fiber, is coupled to a lens which collimates the laser light output. The collimated beam is then reflected by a dichroic beam splitter and focused, by an objective lens, on to the sample. This focusing increases the light intensity on the sample and results in more intense and higher resolution Raman spectra. The backscattered light, from the sample, is collected with the same objective lens. The dichroic mirror blocks the Rayleigh light scattered and allows the Stokes shifted Raman component of the light to pass through. The Stokes shifted Raman light is then imaged onto an emission monochromator where it is filtered once more, by a sharp long pass filter with cut-off below at 485 nm, in order to remove the remaining excitation light (Rayleigh scattering).
In order to be able to record high resolution Raman spectra the spectrometer input slit was reduced to 50 microns in width and the numerical aperture of the input optical fiber matches the numerical aperture of the spectrometer collection optics. After the light enters the spectrometer it is collimated and directed to the diffraction grating. The diffraction grating, as expected, has high dispersion efficiency in the UV and visible spectral regions. The dispersed light is then imaged, by means of a concave mirror, onto a linear CCD sensor (Sony ILX 511 B). All the mirrors inside the handheld spectrometer are highly reflecting in the UV and visible regions of the spectrum. This ensures that the same spectrometer can be used to record fluorescence and Raman spectra in both the UV and visible regions. The pixels of the linear CCD sensor are coated with a dye which converts the incident UV light to visible light where the quantum efficiency of this CCD is high. The data from the CCD are processed by a compact tablet PC using a serial communication link and displayed on top of the device. A graphical user-interface (GUI) allows for the selection of acquisition parameters such as integration time, number of spectra to be averaged and to perform further data analysis, using PCA.
The Raman capabilities of this handheld spectrometer were tested by recording the Raman spectra of red S. marcescens bacteria (grown at room temperature), and excited by the 473 nm laser source because red S. marcescens bacteria contain Prodigiosin, a red color pigment that absorbs at 473 nm [63] . Figure 18 shows the Raman spectra of S. marscescens bacteria obtained using the handheld Raman instrument (473 nm excitation, 3 mW, 5 seconds integration time, 25 accumulations). Figure 19 shows the same spectra recorded by the Horiba Raman spectrometer (excitation at 532 nm, 20 mW, for 10 second integration time, 10 accumulations).Vibrational spectra of the red pigment prodigiosin are clearly visible in the Raman spectra displayed in Figures 18 and 19 . The resolution of the Raman spectral bands obtained from the handheld instrument is ∼70 cm −1 which is sufficient for most bacteria identification owing to their inherent broad Raman bands. However, this resolution can be improved by replacing the current diffraction grating by a higher resolution grating.
The scanning monochromator uses a stepper motor mounted on the diffraction grating, which is rotated by an Arduino microcontroller. This allows us to scan continuously the excitation wavelength, enabling the acquisition of 3-D excitation-emission matrices (EEMs) and the recording of synchronous fluorescence spectra for the identification of bacterial components.
In order to record high-resolution spectra at lower concentrations, UV Resonance Raman Spectra (UVRR) will be employed. Lasers emitting in the wavelength range of 220 nm and 250 nm will be used for resonance Raman excitation [64] . Choosing the appropriate UV excitation wavelength enables the recorded Raman spectra of DNA and proteins to be widely separated. For example, excitation at 222 nm makes it possible to record the Raman spectra of proteins whereas excitation at 251 nm allows for recording the Raman spectra of DNA [64] .
Such procedures, we expect, will allow us to investigate the effects of UV radiation on bacteria with better resolution and at lower concentrations. The handheld device when it utilizes UV and red lasers, in addition to the current 473 nm laser, is expected to enable it to record resonance Raman spectra of most bacteria strains and other large molecules. In addition, the gratings will be replaced, as needed; with the most suitable ones in order to record highly resolved vibrational Raman bands of the species under investigation.
We are aware that the field applications of Raman spectroscopy for detection and identification of bacteria, especially in complex sample environments can be challenging due to high detection limits and interference from other molecules present, such as in wounds and food items. These issues and some of the approaches to overcome them have been detailed in [65] . Sample enrichment or preparation such as filtration or scraping and washing could be performed in the field and then record the sample's spectra using our handheld spectrometer, thereby eliminating the need to transport samples to a laboratory for testing. Meanwhile, it is relatively easy to couple a Raman spectrometer with a small microscope having high numerical aperture objectives. This approach may allow one to record the Raman spectra of a single bacterium. Visible and UV resonance Raman spectroscopy can be an efficient technique for high quality Raman measurements, with minimal sample preparations, or in the presence of interfering impurities. In addition, SERS substrates can also be used to enhance the sensitivity of the Raman measurements where the concentration of samples is low. This handheld spectrometer may be used when an object cannot or should not be touched or physically manipulated such as ancient texts and art objects.
VI. CONCLUSION
A novel, new, handheld spectrometer which is capable of recording fluorescence and Raman spectra has been designed, constructed and utilized to determine bacterial strains and differentiate between live and dead bacteria before and after irradiation with UV light. The Raman spectra recorded before and after UV irradiation display changes in the intensity of several vibrational bands as a function of irradiation time, which correspond to proteins, DNA bases and photodegradation products. We find that new Raman bands were formed after UV light irradiation. The new band located in the 1410 cm −1 region display a linear intensity increase with UV dose. We assigned this band to protein photoproducts. We have also established that its intensity increase correlates with the number of inactivated live bacteria. Additional uses of the handheld spectrometer are proposed.
